The world's ecosystems are experiencing unparalleled rates of biodiversity change, with invasive species implicated as one of the drivers that restructure local assemblages. Here we focus on the processes leading to biodiversity change in a biodiversity hotspot, the Brazilian Cerrado. The null expectation that invasion leads to increase in local species richness is supported by our investigation of the grass layer in two key habitats (campo sujo and campo ú mido). Our analysis uncovered a linear relationship between total richness and invasive richness at the plot level. However, because the invasive species-even though few in number-are widespread, their contribution to local richness (a-diversity) is offset by their homogenizing influence on composition (b-diversity). We thus identify a mechanism that can help explain the paradox that species richness is not declining in many local assemblages, yet compositional change is exceeding the predictions of ecological theory. As such, our results emphasize the importance of quantifying both a-diversity and b-diversity in assessments of biodiversity change in the contemporary world.
Introduction
The world's ecosystems are under unprecedented pressure. Although species richness (a-diversity) is being eroded at the global level [1, 2] the pattern of change at local and regional scales is more mixed, with evidence of increases, of decreases and of no net shift in species richness over time (e.g. [3] [4] [5] [6] [7] ). The absence of a trend in species richness in local assemblages should not, however, be used to conclude that these systems are unresponsive to anthropogenic drivers. There is growing evidence that compositional change (temporal turnover, also referred to as temporal b-diversity) is occurring at rates that exceed baseline levels and is in excess of the predictions of ecological theory [3, 8] . Reconciling these shifts in temporal b-diversity with apparent stasis in assemblage a-diversity is thus an important challenge since it will influence policy for the protection of biodiversity in a rapidly changing world. Understanding whether compositional change is dominated by species replacement or species loss will guide conservation efforts [9] .
Invasive species are drivers of species extinctions [10] and ecosystem change. The role they play in reshaping native assemblages may contribute to these apparently contradictory biodiversity trends. Indeed, as Buckley & Catford [11] argue, the null expectation of biodiversity change in assemblages experiencing invasions should be an increase in local species richness. In addition, if the richness of invasive species in an area is markedly lower than native richness (as is typically the case in highly diverse areas, crucially in the Southern Hemisphere [12] ), the net effect should be that sites that contain exotic species will be more similar to one another, than equivalent sites supporting only native species. Here we test this expectation by focusing on the & 2019 The Author(s) Published by the Royal Society. All rights reserved.
Cerrado (Brazilian savannah) (electronic supplementary material, figure S1 ), a tropical biodiversity hotspot [13] . Specifically, we argue that sites where invasive plants are present will be more botanically similar, i.e. exhibit reduced b-diversity, than sites without invasives, and that their compositional similarity will increase as invasive richness increases.
The Cerrado is the savannah with the highest plant diversity in the world [14] , but is increasingly threatened by habitat transformation and fragmentation owing to agribusiness expansion [15] , and by biological invasions (e.g. [16, 17] ). As a result, the Cerrado has been reduced to approximately 34% of its original distribution [18] . Remaining Cerrado fragments are being progressively colonized by invasive pines (Pinus spp.) [16, 19] and African grasses (e.g. [17] ).
Material and methods (a) Data collection
Our paper analyses data [20] [21] . The main habitat types present are campo sujo (shrub-dominated habitat) and campo ú mido (grass-dominated habitat) [21] ; these are the focus of our study.
Our survey was in a 7 km 2 portion of the Protected Area, some parts of which have been invaded by isolated pine individuals (Pinus elliottii). We surveyed plots that contained single pine individuals, and matched these with control plots with no pine trees present. In each plot, we recorded all plant species present in the grass layer (graminoids-grasses (Poaceae family), sedges (Cyperaceae family) and rushes (Juncaceae family)-and lianas (several botanic families) (see electronic supplementary material and [22] for more detailed sampling methods)). Because only the grass layer contains more than one invasive species we focused on it in this study. In total, 300 plots were sampled, 114 in campo sujo and 186 in campo ú mido. Each recorded plant was identified to species level (or the lowest taxonomic level possible) and categorized as native or invasive.
(b) Invasive species
Overall, we recorded 80 plant taxa, belonging to 17 botanical families, of which 76 species are native. The four species invasive to Brazil-the pine P. elliottii (slash pine) and three grass species: Urochloa decumbens (signal grass, previously named as Brachiaria decumbens), Melinis repens (natal grass) and Melinis minutiflora (molasses grass) are established in the Cerrado [19] . Pinus elliottii is native to the southeast USA [23] , and the first record of a P. elliottii plantation in Brazil is 1948 [24] . Urochloa decumbens, M. minutiflora and M. repens are grasses native to Africa that were intensively introduced in Brazil as forage grasses and are now widespread in most of the phytogeographical domains of Brazil [19] . Invasive species are defined as non-native species that have become established and can impact on native biodiversity [25] .
(c) Data analysis
To understand the relationship between invasive richness and total richness, we first modelled the number of invasive species per plot (0 (native species only), 1, 2, 3 or 4) as a predictor of the total number of species per plot, using a linear model; the graphs were plotted using the R plotly package [26, 27] . To provide an indication of how widespread the invasive species are, we also plotted their frequency of occurrence, relative to the other species present.
Second, we computed pairwise species dissimilarity between plots (Jaccard dissimilarity) in areas with 1, 2, or 3 or 4 invasives versus areas with natives only (because only 4/300 plots contained all four invasive species, these were grouped together with plots containing three invasive species in each habitat in these analyses). The Jaccard dissimilarity index [28] is based on the proportion of species exclusive to each site in relation to total species richness of both sites being compared. Jaccard dissimilarity ranges from 0 (assemblages with identical species composition) to 1 (assemblages completely distinct in species composition). To calculate pairwise between-site values of total Jaccard dissimilarity among all sampled plots, we used the beta.pair function in the R betapart package [29] . Dissimilarity combines two effects (a shift in richness, known as nestedness, and substitution of species, known as turnover)-in which: b jac (total Jaccard) ¼ b jtu (turnover) þ b jne (nestedness). To compute nestedness and turnover components of the total multi-site Jaccard dissimilarity across all plots we used the beta.multi function in the betapart package, which computes a single value for each component. To test for compositional differences between groups with different numbers of invasive species we used Kruskal-Wallis tests (with Bonferroni correction), implemented using the R ggpubr package [30] .
Results
Our results show a positive linear relationship between total number of species per plot and the number of invasive species per plot. In other words, areas with more species have more invasive species (figure 1; electronic supplementary material, table S1). Sites with progressively more invasive species are compositionally more similar to one another than sites that have native species only (figure 2). b-Diversity change is dominated by turnover in all cases, ranging from 77.4 to 98.3% of total Jaccard dissimilarity (see electronic supplementary material, table S2). Invasive species are widespread in the sampled area (electronic supplementary material, figure S2 ).
Discussion
The world's ecosystems are experiencing unparalleled rates of biodiversity change [1, 3] . Scientists, however, have disagreed about the nature of such changes [2] . Here we identify a mechanism that can help explain the paradox that species richness in many local assemblages is apparently untrending at a time when natural systems are exposed to a range of anthropogenic drivers, including species invasions. We show, for two Cerrado habitats, that-as predicted by Buckley & Catford [11] -local richness is correlated with invasive richness ( figure 1) . In other words, sites that contain more invasive species also tend to have higher overall richness. However, at the same time, sites with more invasive species are less different from one another in terms of their composition than they would be if only native species were present (figure 2). The reason for this is quite straightforward. Although there are few invasive species relative to the native species (4/76), these taxa are widespread (electronic supplementary material, figure S2 ) and occur in more localities than many native species. Thus, invasive species, even if relatively few in number, can reduce b-diversity and royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20190133 consequently homogenize biodiversity at regional (g-diversity) scales. This influence, which is far in excess of what would be expected on the basis of their richness alone, highlights how even a few invasive species can restructure vulnerable ecosystems [16, 17, 31] , and underlines the importance of understanding biodiversity change across the organizational and spatial scales [32, 33] at which the consequences of anthropogenic impacts emerge [1] .
As we have shown, any increase (or stasis) in species richness cannot be viewed as benign unless accompanying changes in composition (and potential shifts in ecosystem function [11, 34] ) are considered. Our finding thus supports the assertion that changes in species richness (a-diversity) alone may not be a good predictor of invasive species impacts and that b-diversity metrics should be included to assess effects of invasion on native biodiversity [35] . It also helps explain the very mixed sets of outcomes in analyses of the impacts of invasive species on native assemblages (e.g. [31, 36, 37] ). To date, most of the literature on the impacts of invasive species has focused on a-diversity [36] , particularly on observed species richness (e.g. [38] ) or the Shannon index (e.g. [39] ). This suggests that biodiversity change arising from compositional rearrangements may be under reported in the literature on invasive species.
Invasive species are only one of several explanations for marked shifts in b-diversity that can occur in the absence of a clear trend in a-diversity. For example, climate change could lead to replacements of species by taxa more suited to the new conditions, while land transformations may favour suites of taxa able to thrive in modified landscapes [40] . Similarly, the turnover component of b-diversity change could dominate in some assemblages (as here) and the nestedness component in others. Biotic homogenization or differentiation may result from such compositional rearrangements [41] . A variety of mechanisms, therefore, could account for the elevated rates of b-diversity reported by [3, 7, 8] . By focusing on changes in bdiversity in a known local system we detected a key mechanism of b-diversity change which would have been missed at the macroecological scale. The take-home message is that we should not focus on richness alone (or on other metrics of adiversity) as our indicator of healthy ecosystems, but must also consider how assemblage composition is changing in the contemporary world. To do this we need to understand why biodiversity change is happening, and what the consequences of this change are for the functioning of the systems involved. habitats. This analysis considers incidence data in a pairwise analysis calculated using the beta.pair function in the R betapart package [29] . Sites that progressively contain more invasive species are more similar (less dissimilar) in species composition to one another compared with sites that contain native species only. Multiple comparisons with Bonferroni correction, Kruskal -Wallis p , 2.2 Â 10 216 for both habitats. Different letters represent significant differences among groups (see electronic supplementary material, table S3). royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20190133
